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Abstract

Importance: Contemporary cochlear implants (CIs) are well established as a technol-

ogy for people with severe-to-profound sensorineural hearing loss, with their effec-

tiveness having been widely reported. However, for tonal language CI recipients,

speech perception remains a challenge: Conventional signal processing strategies

have been demonstrated to possibly provide insufficient information to encode

tonal cues, and CI recipients have exhibited considerable deficits in tone perception.

Thus, some tonal language–oriented sound-processing strategies have been intro-

duced. The effects of available tonal language–oriented strategies on tone percep-

tion are reviewed and evaluated in this study. The results may aid in designing and

improving tonal language–appropriate sound-processing strategies for CI recipients.

Objective: The objective of this systematic review was to investigate the effects of

tonal-language-oriented signal processing strategies on tone perception, music per-

ception, word and sentence recognition.

Methods: To evaluate the effects of tonal language–oriented strategies on tone percep-

tion, we conducted a systematic review. We searched for relevant reports dated from

January 1979 to July 2017 using PubMed, Cochrane Library, EBSCO, Web of Science,

EMBASE, and 4 Chinese periodical databases (CBMdisc, CNKI, VIP, and Wanfang Data).

Results: According to our search strategy, 672 potentially eligible studies were

retrieved from the databases, with 12 of these studies included in the final review

after a 4-stage selection process. The majority of sound-processing strategies

designed for tonal language were HiResolution� with Fidelity 120 (HiRes 120), fine

structure processing, temporal fine structure (TFS), and C-tone. Generally, acute or

short-term comparisons between the tonal language–oriented strategies and the

conventional strategy did not reveal statistically significant differences in speech

perception (or show a small improvement). However, a tendency toward improved

tone perception and subjectively reported overall preferred sound quality was

observed with the tonal language–oriented strategies.

Interpretation: Conventional signal processing strategies typically provided very lim-

ited F0 information via temporal envelopes delivered to the stimulating electrodes.

In contrast, tonal language–oriented coding strategies attempted to present more
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Abstract
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speech perception remains a challenge: Conventional signal processing strategies

have been demonstrated to possibly provide insufficient information to encode
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conventional strategy did not reveal statistically significant differences in speech

perception (or show a small improvement). However, a tendency toward improved
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observed with the tonal language–oriented strategies.
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spectral information and TFS cues required for tone perception. Thus, a tendency of

improved performance in tonal language perception in CI users was shown.

K E YWORD S

cochlear implant, fine structure, strategy, tone

1 | BACKGROUND

The cochlear implant (CI) is a well-established technology for peo-

ple with severe-to-profound sensorineural hearing loss. This tech-

nology bypasses damaged portions of the inner ear and uses

electrical stimuli to deliver sound signals via a sound-processing

strategy (sound-coding strategy) to the auditory nerve cells. The

effectiveness of the CI technique has been widely reported.1-3

These reports have shown that CI provides a fairly high level of

speech perception in the majority of users, especially in quiet con-

ditions. However, other reports have indicated that CI recipients

exhibit considerable deficits in tone perception of native tonal lan-

guage speakers, especially among prelingually deafened tonal lan-

guage children.4-13

Sound-processing strategies are the core of CI technology,

which transform speech into stimuli for the electrodes. Most

sound-processing strategies have been designed based on the lan-

guages of Europe and the United States, which differ from tonal

languages, that is, Sino-Tibetan, including Mandarin and Cantonese.

Tonal language is widely used among people worldwide, with an

estimated 1.3 billion people speaking tonal languages in the Asia-

Pacific region.14 In tonal languages, tone variations within the same

phonemic segment produce a change in lexical meaning. Further-

more, tones are heavily loaded with semantic and grammatical

information. Tones are essentially represented by fundamental fre-

quency (F0). Tone perception is mainly based on 2 cues. The pri-

mary cue is F0 height and contour, while the secondary cue is

supersegmental information (such as duration and amplitude) and

the spectral envelope. The latter cue is especially important when

F0 information is degraded, for example, in noise or other competi-

tion conditions.10,14,15

As mentioned previously, the design of the CI sound-processing

strategy was mostly based on non–tonal language. The strategy typi-

cally provided very limited F0 information via temporal envelopes

delivered to stimulating electrodes.

More recently, some studies have indicated that in clinically

available coding strategies, such as Continuous Interleaved Sampling

(CIS) and Advanced Combination Encoder (ACE), F0 information

below 300 Hz is primarily encoded in the temporal pattern of elec-

trical stimulation. These strategies extract only envelopes of the nar-

row-band signals and thus may not provide sufficient information to

encode tonal cues. The CIS filters the input signal in a bank of band-

pass filters and modulates high-rate pulse trains with the channel

envelopes. During signal processing, the CIS presents pulses to each

electrode in a nonoverlapping sequence. The key features of the CIS

coding strategy include the following: (i) reducing channel interac-

tions through the use of nonsimultaneous stimuli; and (ii) using a

high stimulation rate on each channel (usually exceeding 800 p.p.s.),

which enables tracking of rapid variations in speech, that is, most

temporary cues that can be delivered by the CIS.16 Because these

features are critical for speech perception, the CIS is a standard and

widely used coding strategy in CIs. However, the CIS delivers only

little fine structure information and presents only envelope cues;

that is, the CIS does not supply adequate information for perceiving

tonal languages.

The envelope has been previously indicated to be important for

speech perception, with fine structure being important for pitch per-

ception, tone perception, and sound localization.17,18 Under this con-

dition, several studies have attempted to improve sound coding by

combining the classical envelope and temporal coding. Such attempts

have introduced modified or new sound-processing strategies that

mainly focus on enhancing temporal fine structure (TFS), temporal

periodicity cues to the fundamental frequency, or delivering more

spectral information for better spectral resolution. Whether these

strategies are effective and appropriate for tonal language CI recipi-

ents is a controversial issue. The objective of this study was to per-

form a systematic review to summarize the effects of the available

tonal language–oriented strategies on tone perception. The results

may aid in designing and improving tonal language–appropriate

sound-processing strategies for CI recipients.

2 | METHODS

The present systematic review was implemented according to the

Cochrane Handbook for Systematic Reviews of Interventions and

the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses.19

Criteria for considering studies eligible for this review were as fol-

lows: (i) participants—severe-to-profound hearing–impaired patients

with CIs, where hearing impairment was the only disability; (ii) inter-

ventions—CI recipients who employed modified or newly developed

tonal language–oriented sound-processing strategies; (iii) control

group—CI recipients who employed conventional sound-processing

strategies; and (iv) outcome measures—the primary outcome mea-

sures include performance of tone and speech perception, of which

the latter includes vowel, consonant, monosyllable, disyllable, or sen-

tence perception, and secondary outcome measures include perfor-

mance on music perception or subjectively reported sound quality of

overall preference of the tonal language–oriented strategies.
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We searched several databases including PubMed, Cochrane

Library, and 4 Chinese periodical databases (CBMdisc, CNKI, VIP,

and Wanfang Data). Reports of clinical trials were also searched via

ClinicalTrials.gov. We considered all relevant papers published during

the period starting from January 1979 through to July 2017. During

the search, no restrictions on language or publication status were

applied.

The search strategy was oriented by a combination of Medical

Subject Headings (MeSH) and keywords. The search terms for

cochlear implant included Implants, Cochlear; Cochlear Implant;

Implant, Cochlear; Cochlear Prosthesis; Cochlear Prostheses; Pros-

theses, Cochlear; Prosthesis, Cochlear; Auditory Prosthesis; Auditory

Prostheses; and Prostheses, Auditory and Prosthesis, Auditory. The

search terms for tone included Measurement, Speech Production;

Measurements, Speech Production; Production Measurement,

Speech; Production Measurements, Speech; and Speech Production

Measurements. The search terms for pitch included Perception,

Pitch; Perceptions, Pitch; Pitch Perceptions; Discrimination, Pitch;

Discriminations, Pitch; and Pitch Discriminations. The search strategy

is detailed in Table 1.

3 | RESULTS

According to the inclusion criteria and search methods described

above, 672 potentially eligible studies were retrieved from the data-

base mentioned previously. We divided the selection of studies into

4 stages. For stage 1, a reviser selected eligible studies by analyzing

the studies’ titles. During this stage, 487 studies were eliminated.

For stage 2, the reviser selected the studies by reading the abstracts

to check whether the studies focused on tone perception of a tonal

language–appropriate strategy in CI recipients. During this stage, 143

studies were eliminated. At stage 3, 42 full texts of studies that

passed the title and abstract screening were retrieved and read in

their entirety. During this stage, 30 studies were excluded. Reasons

for exclusions were as follows: non–tonal-language-oriented strategy

(19 studies), duplicated studies (5 studies), case report (3 studies),

and CI recipients with multiple disabilities (3 studies). By stage 4, a

total of 12 studies meeting the pre-established criteria were included

in the final review.8,14,20-29

The bibliographic search strategy of studies selected and reasons

for exclusion are shown in Figure 1. The detailed characteristics of

the studies are summarized in Table 2. These 12 studies included in

the final review were published during 2007 to 2017, and the study

design included time series (6), before/after (3), and crossover (3).

The investigated languages were Mandarin (8 studies) and Cantonese

(3 studies), and 1 study compared music and speech perception

between the fine structure processing (FSP) and the CIS in English.

The majority of sound-processing strategies designed for tonal lan-

guages were HiResolution� with Fidelity 120 (HiRes 120), FSP, TFS,

and C-tone. Of note, TFS is an experimental strategy, that is, not a

commercially available strategy.

Several psychophysical studies have shown that simultaneous

stimulation of 2 adjacent channels would create an additional pitch

distinct from those elicited by stimulation of the 2 channels individu-

ally. Moreover, the new pitch could be varied systematically by

adjusting the percentage of current presented to 2 channels.30,31

Based on these phenomena, HiRes 120 was introduced by Advanced

Bionics in 2006, which uses current steering to create virtual spec-

tral channels through simultaneous stimulation of adjacent elec-

trodes. Specifically, for each pair of adjacent electrodes, the

percentage of current delivered to each electrode varies in 8 linear

steps between 0% and 100%, thus potentially creating 8 different

stimulation sites between the 2 electrodes. For the 16 electrodes of

the Advanced Bionics CII and 90K devices, 120 virtual channels can

be created. To match the 120 channels, narrow frequency analysis

TABLE 1 Detailed search strategy

Search query Item found

#1 Cochlear Implants[MeSH] 8184

#2 Search ((((((pitch perception[MeSH Terms]) OR pitch discrimination[MeSH Terms]) OR music[MeSH Terms]) OR tone[MeSH

Terms]) OR speech production[MeSH Terms]) AND cochlear implant[MeSH Terms])

672

#3 Search ((((((((pitch perception[MeSH Terms]) OR pitch discrimination[MeSH Terms]) OR music[MeSH Terms]) OR tone[MeSH

Terms]) OR speech production[MeSH Terms]) AND cochlear implant[MeSH Terms])) AND strategy)

77

#4 ((((((((pitch perception[MeSH Terms]) OR pitch discrimination[MeSH Terms]) OR music[MeSH Terms]) OR tone[MeSH Terms]) OR

speech production[MeSH Terms]) AND cochlear implant[MeSH Terms])) AND coding strategy)

27

Potentially relevant studies according 
to the searching strategy. N = 672

Abstract reading and analyzing.
N = 185

Full texts of the studies that passed the title 
and abstract screening were retrieved.

N = 42

Studies included in the final 
systematic review. N = 12

Studies excluded in the first stage 

by the analyzing title. N = 487

Studies excluded in the third stage. N = 30
Reasons for exclusions:
1. Not tonal language–oriented 
strategy=19
2. Duplication studies =5
3. Case report-3
4. CI recipients with multi disabilities=3

Studies excluded in the second stage 

by reading abstracts. N = 143

F IGURE 1 Strategy of studies selected and reasons for exclusion
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filters are used. Several research groups have compared tone per-

ception performance between HiRes and HiRes 120.

Han et al8 found that the mean tone perception scores at baseline

(HiRes), 1-, 3-, and 6-month intervals (HiRes 120) were 74%, 75%,

75%, and 82% accurate, respectively. A 1-way ANOVA revealed no

statistical differences across the 4 test intervals. However, the prefer-

ence and rating questionnaire showed that parents of 3 of 18 children

indicated that their children had no preference for either HiRes or

HiRes 120, whereas the remaining 15 parents indicated that their chil-

dren preferred HiRes 120 over HiRes. In a similar study, Lee et al26

compared tone perception among Cantonese-speaking subjects, with

results revealing that tone perception accuracy with HiRes and HiRes

120 was 77.5% and 77.6%, respectively. A paired-sample t test

revealed no significant difference between the 2 coding strategies.

The satisfaction ratings indicated that subjects preferred HiRes 120

over the HiRes strategy. Chang et al25 found significantly improved

Mandarin tone perception; specifically the mean scores from baseline

with HiRes to 6 months with HiRes 120 were significantly different

at 61.4% and 73.2%, respectively (P = .006). Furthermore, the ques-

tionnaire results indicated that all children preferred HiRes 120 to the

conventional HiRes strategy.

The term “fine structure” was based on the work of the mathe-

matician David Hilbert. According to Hilbert transform, any signal

can be decomposed into a slowly varying envelope (ie, amplitude

modulation) and a high-frequency carrier of constant amplitude to

which he referred as the fine structure. For CI coding, the envelope

is the main information carrier for speech (non–tonal language), while

the fine structure is the main information carrier for music percep-

tion, sound localization, speech perception in noise, and tonal lan-

guage perception.17,18,32

To overcome the limitation of envelope-based coding strategy,

TFS and FSP were established. The FSP strategy makes use of

FineHearing technology, aiming to improve both the temporal and

tonotopic coding of sound. Through this technology, CI recipients

may benefit from subtle pitch and timing details of the input by

transmitting not only envelope cues but also rapidly changing pitch

details. This strategy is based on channel-specific sampling

sequences (CSSS), which are pulse packages triggered by every other

zero crossing of the filter band outputs. The amplitude of these

pulse sequences is scaled to the instantaneous amplitude of the Hil-

bert envelope.33 The FSP particularly emphasizes temporal coding in

several low-to-mid frequency bands. For the remaining channels, the

FSP realizes tonotopic fine structure using virtual channels. That is,

by shifting energy between 2 electrodes to a third location where

no electrode exists, perception of a new pitch is created.28,34

Qi et al22 compared the TFS and the CIS in a group of Man-

darin-speaking CI recipients. While their study revealed no signifi-

cant difference in performance between strategies in a speech test

(MHINT, P = .62), the coding strategy had a significant effect on

tone perception (P < .01). TFS improved tone perception by approxi-

mately 11 percentage points compared with the CIS strategy. Similar

results have been obtained in other comparisons between the FSP/

TFS and the CIS: Schatzer et al24 found that mean tone perception

was 59.2 � 15.2% with CIS and 59.2 � 15.3% with TFS, and sen-

tence tests (CHINT) showed that mean score accuracy was

54.2 � 27.7% with CIS and 55.9 � 22.8% with TFS. In other stud-

ies, sentence test (MHINT) results and Mandarin tone perception

scores have not been revealed to be significantly different between

the FSP and the CIS; however, tone perception performance has

exhibited a significant improvement with the FSP over time.20,24

Arnoldner et al28 found that speech and music perception per-

formance improved significantly after conversion from the CIS to

FSP strategy. Specifically, in quiet conditions, mean accuracy on a

number test rose from 78.39% to 85.00%, mean accuracy on a

monosyllable test increased from 45.12% to 48.49%, and mean accu-

racy on the HSM sentence test rose from 57.97% to 69.25%. In

noisy conditions, accuracy improved from 45.89% to 57.48% for the

HSM sentence test at 15 dB S/N ratio, from 22.51% to 45.00% at

10 dB S/N ratio, and from 8.83% to 21.63% at 5 dB S/N ratio. Their

study indicated that aside from envelope cues, the FSP strategy also

delivers subtle pitch and timing differences of sound to the recipient

to enhance speech perception in quiet and noisy conditions. In Chen

et al’s21 study, speech perception and tone perception were tested

preoperatively, at initial fitting, and at 3 and 6 months after first fit-

ting. Results showed a significant improvement over time for speech

perception (monosyllable in quiet conditions, P = .014; sentences in

quiet conditions, P = .007; sentences in noisy conditions, P = .039)

and tone perception (P = .015).

Given the limited access to F0 cues, a C-tone strategy with

enhanced amplitude contour that covaries with F0 strategy was imple-

mented. Ping et al29 evaluated C-tone in a group of Mandarin-speak-

ing postlingually deafened adults with CIs. Results showed that

compared with the Advanced Peak Selection (APS) strategy, C-tone

provided a small but significant improvement in tone, monosyllable,

and disyllable perception: mean tone perception with C-tone with

accuracies of 68.3%, 50.0%, 71.2%, and 78.1% for tones 1, 2, 3, and 4,

respectively. Corresponding performances with APS were 62.5%,

47.3%, 63.5%, and 79.4%, respectively. Mean accuracy for monosylla-

bles and disyllables with C-tone was 51.5% and 55.5%, respectively,

while that with APS was 45.3% and 46.8%, respectively. Moreover,

the majority of participants reported no deficit in quality with C-tone.

4 | DISCUSSION

This systematic review investigated the effects of tonal language–

oriented signal processing strategies on tone perception, music

perception, and word and sentence recognition in quiet and noisy

conditions.

As mentioned earlier, the CIS strategy was introduced to avoid

channel interaction through the use of interleaved nonsimultaneous

stimuli at a high rate. Envelopes are extracted and compressed when

the signal is passed through the digital filter bank, and then, the

compressed envelopes modulate the biphasic current pulses, which

are presented nonsimultaneously on multiple channels. This principle

has been widely used in clinically available coding strategies, such as

38 | LIU ET AL.REVIEW
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Advanced Combination Encoders (ACEs), Spectral Peak, High Resolu-

tion, and CIS. Current CI coding strategies have effectively delivered

envelope information to users, whereas fine structure information is

represented very limitedly. That is, spectral information for percep-

tion of tonal languages is not delivered adequately.10,28,35

The mechanism of CI delivering spectral information mainly relies

on the place of stimulation and rate of stimulation. The former is

determined by which electrode is stimulated. Some pediatric CI users

with prelingual severe-to-profound hearing loss have exhibited

tremendous difficulties in perceiving and producing the Mandarin

tone.7,10,36 Evaluating tonal language perception could provide infor-

mation about the efficiency of using place to deliver spectral

information.

Han et al8 reported that despite no statistical significance in tone

recognition between HiRes 120 and HiRes, parents of most of the

studied children showed a preference for the HiRes 120 strategy.

Furthermore, approximately half of the participants showed

improved tone recognition with the HiRes 120 strategy, which sug-

gests that the children could possibly benefit from the increased

spectral resolution offered by current steering. A similar result was

also achieved in a Cantonese study.26 An encouraging result was
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reached only approximately 70%-80%. In addition, Kong and Zeng

demonstrated that with the temporal envelope present only, 32

spectral bands were needed to achieve good performance in tone

perception, but only 4 bands were required if with the additional

temporal fine structure cues. Their results also showed that the

envelope cues performed significantly lower in noise competition,

which indicated the envelope cues were more susceptible in noise.

The study also indicated that both spectral and temporal cues ben-

efit tone perception, and furthermore, unlike speech perception,

fine structure cues are more important than envelope cues for tone

perception in both temporal and spectral domains, especially in

noise conditions.32 Given the upper limit of independent spectral

channels available in contemporary CIs as imposed by channel inter-

actions, the TFS coding strategy might be a better choice over

spectral representations.39

Aside from the commercially available modified strategies

described above, some studies have reported the effectiveness of

experimental CI signal processing algorithms aimed at improving tone

perceptions. Milczynski et al23 investigated the effects of F0 modula-

tion (F0 mod) on tone and sentence perception in Mandarin CI users.

F0 modulation provides enhanced temporal envelope frequency cues

by amplitude modulation of the multichannel electrical stimulation pat-

tern at the F0 of the incoming speech signal. Results indicated that the

F0 mod algorithm led to significantly better lexical tone perception for

the male voice than the ACE strategy. A similar improvement was also

found by Vandali and van Hosel40,41 for the experimental algorithm

named enhanced-envelope-encoder (eTone) over the conventional

ACE coding strategy. In a later study, Vandali et al14 compared the

eTone, named “optimized pitch and language (OPAL),” with the ACE

strategy. Their comparison demonstrated that the experimental OPAL

strategy can improve tone perception in noise.

Vandali et al42 developed an experimental strategy, multichannel

envelope modulation (MEM), which enhances temporal periodicity

cues to the F0. The MEM extracts the low-frequency (below

400 Hz) envelope of the broadband signal, which for voice/periodic

signals contains F0 periodicity information, and uses this envelope to

modulate the envelope of the band-pass-filtered channel signals

derived from the ACEs. In this manner, F0 periodicity information in

the broadband signal’s envelope is presented across all stimulation

channels. Wong et al27 compared the MEM with the ACEs and CIS

in Cantonese-speaking CI recipients. They revealed that speech

recognition performance with the CIS was significantly worse than

that with the MEM and ACEs, with no statistical difference between

the MEM and the ACEs. This result indicates that the MEM retains

similar segmental information provided by the ACEs.

In summary, modified speech coding strategies have attempted

to present more spectral information as well as temporal fine struc-

ture cues to CI users. Detailed spectral information and temporal

fine structure cues have been demonstrated to be important for

tone perception. Clinical data using modified coding strategies have

produced somewhat mixed results, with a majority of studies show-

ing a trend of modest improvement in tone perception performance

in tone language–speaking individuals with CIs.
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the MEM and the ACEs. This result indicates that the MEM retains

similar segmental information provided by the ACEs.
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ing a trend of modest improvement in tone perception performance

in tone language–speaking individuals with CIs.

ACKNOWLEDGMENTS

This research was supported by the Beijing NOVA Program

(xxjc201716).

CONFLICT OF INTEREST

We declare that we have no conflict of interest to this work.

REFERENCES

1. Niparko JK, Tobey EA, Thal DJ, et al. Spoken language development

in children following cochlear implantation. JAMA. 2010;303:1498-

1506.

2. Geers AE, Brenner CA, Tobey EA. Long-Term outcomes of cochlear

implantation in early childhood: sample characteristics and data col-

lection methods. Ear Hear. 2011;32:2-12.

3. Geers AE, Hayes H. Reading, writing, and phonological processing

skills of adolescents with 10 or more years of cochlear implant expe-

rience. Ear Hear. 2011;32(Suppl 1):49-59.

4. Wang S, Liu B, Zhang H, et al. Mandarin lexical tone recognition in

sensorineural hearing-impaired listeners and cochlear implant users.

Acta Otolaryngol. 2013;133:47-54.

5. Zhou N, Huang J, Chen X, et al. Relationship between tone percep-

tion and production in prelingually deafened children with cochlear

implants. Otol Neurotol. 2013;34:499-506

6. Wang S, Liu B, Dong R, et al. Music and lexical tone perception in

Chinese adult cochlear implant users. Laryngoscope. 2012;122:1353-

1360.

7. Xu L, Chen X, Lu H, et al. Tone perception and production in pedi-

atric cochlear implants users. Acta Otolaryngol. 2011;131:395-398.

8. Han D, Liu B, Zhou N, et al. Lexical tone perception with HiResolution

and HiResolution 120 sound-processing strategies in pediatric Man-

darin-speaking cochlear implant users. Ear Hear. 2009;30:169-177.

9. Han D, Zhou N, Li Y, et al. Tone production of Mandarin Chinese

speaking children with cochlear implants. Int J Pediatr Otorhinolaryn-

gol. 2007;71:875-880.

10. Xu L, Zhou N. Tonal Languages and Cochlear Implants. New York, NY,

USA: Springer; 2011;39:341-364.

11. Li Y, Lin Y, Yang H, et al. Tone production and perception and intel-

ligibility of produced speech in Mandarin-speaking cochlear

implanted children. Int J Audiol. 2017;9:1-8.

12. Li G, Soli SD, Zheng Y. Tone perception in Mandarin-speaking chil-

dren with cochlear implants. Int J Audiol. 2017;22:1-11.

13. Mao Y, Xu L. Lexical tone recognition in noise in normal-hearing

children and prelingually deafened children with cochlear implants.

Int J Audiol. 2016;26:1-8.

14. Vandali AE, Dawson PW, Arora K. Results using the OPAL strategy

in Mandarin speaking cochlear implant recipients. Int J Audiol.

2016;22:1-12.

15. Xu L, Tsai Y, Pfingst B. Features of stimulation affecting tonal-

speech perception: implications for cochlear prostheses. J Acoust Soc

Am. 2002;112:247-258.

16. Wilson BS, Finley CC, Lawson DT, et al. Better speech recognition

with cochlear implants. Nature. 1991;352:236-238.

17. Smith ZM, Delgutte B, Oxenham AJ. Chimaeric sounds reveal

dichotomies in auditory perception. Nature. 2002;416:87-90.

18. Xu L, Pfingst B. Relative importance of the temporal envelope and

fine structure in tone perception. J Acoust Soc Am. 2003;114:3024-

3027.

19. Higgins J, Green S. Cochrane Handbook for Systematic Reviews of

Interventions: Cochrane Book Series. Cochrane Handbook for Systematic

Reviews of Interventions. Hoboken, NJ, USA: Wiley-Blackwell;

2008:102-108.

LIU ET AL. | 41

20. Qi B, Liu Z, Gu X, et al. Speech recognition outcomes in Mandarin-

speaking cochlear implant users with fine structure processing. Acta

Otolaryngol. 2017;137:286-292.

21. Chen X, Liu B, Liu S, et al. Cochlear implants with fine structure pro-

cessing improve speech and tone perception in Mandarin-speaking

adults. Acta Otolaryngol. 2013;133:733-738.

22. Qi B, Krenmayr A, Zhang N, et al. Effects of temporal fine struc-

ture stimulation on Mandarin speechrecognition in cochlear

implant users. Acta Otolaryngol. 2012;132:1183-1191.

23. Milczynski M, Chang JE, Wouters J, et al. Perception of Mandarin

Chinese with cochlear implants using enhanced temporal pitch cues.

Hear Res. 2012;285:1-12.

24. Schatzer R, Krenmayr A, Au DK, et al. Temporal fine structure in

cochlear implants: preliminary speech perception results in Can-

tonese-speaking implant users. Acta Otolaryngol. 2010;130:1031-

1039.

25. Chang YT, Yang HM, Lin YH, et al. Tone discrimination and speech

perception benefit in Mandarin-speaking children fit with HiRes fide-

lity 120 sound processing. Otol Neurotol. 2009;30:750-757.

26. Lee KY, Luk BP, Wong TK, et al. Tone perception results with Har-

mony and HiRes 120 in Cantonese-speaking subjects. Cochlear

Implants Int. 2009;10(Suppl 1):68-73.

27. Wong LL, Vandali AE, Ciocca V, et al. New cochlear implant cod-

ing strategy for tonal language speakers. Int J Audiol. 2008;47:

337-347.

28. Arnoldner C, Riss D, Brunner M, et al. Speech and music perception

with the new fine structure speech coding strategy: preliminary

results. Acta Otolaryngol. 2007;127:1298-1303.

29. Ping L, Wang N, Tang G, et al. Implementation and preliminary eval-

uation of ‘C-tone’: a novel algorithm to improve lexical tone recogni-

tion in Mandarin-speaking cochlear implant users. Cochlear Implants

Int. 2017;18:240-249.

30. Bonham BH, Litvak LM. Current focusing and steering: modeling,

physiology, and psychophysics. Hear Res. 2008;242:141-153.

31. Townshend B, Cotter N, Van Compernolle D, et al. Pitch perception

by cochlear implant subjects. J Acoust Soc Am. 1987;82:106-115.

32. Qi B, Mao Y, Liu J, et al. Relative contributions of acoustic temporal

fine structure and envelope cues for lexical tone perception in noise.

J Acoust Soc Am. 2017;141:3022.

33. Vermeire K, Punte AK, Van de Heyning P. Better speech recognition

in noise with the fine structure processing coding strategy. ORL J

Otorhinolaryngol Relat Spec. 2010;72:305-311.

34. Nopp P, Polak M. From electric acoustic stimulation to improved

sound coding in cochlear implants. Adv Otorhinolaryngol.

2010;67:88-95.

35. Morton KD, Torrione PA Jr, Throckmorton CS, et al. Mandarin Chi-

nese tone identification in cochlear implants: predictions from acous-

tic models. Hear Res. 2008;244:66-76.

36. Zhou N, Xu L. Development and evaluation of methods for assessing

tone production skills in Mandarin-speaking children with cochlear

implants. J Acoust Soc Am. 2008;123:1653-1664.

37. Zierhofer CM. Analysis of a linear model for electrical stimulation of

axons–critical remarks on the “activating function concept”. IEEE

Trans Biomed Eng. 2001;48:173-184.

38. Chen F, Zhang YT. Zerocrossing-based fine structure representation

to convey Mandarin tonal information: a study on the noise effect.

Conf Proc IEEE Eng Med Biol Soc. 2008;2008:343-346.

39. Kong YY, Zeng FG. Temporal and spectral cues in Mandarin tone

recognition. J Acoust Soc Am. 2006;1:2830-2840. pmid: 17139741

40. Vandali AE, van Hoesel RJ. Enhancement of temporal cues to pitch

in cochlear implants: effects on pitch ranking. J Acoust Soc Am.

2012;132:392-402.

41. Vandali AE, van Hoesel RJ. Development of a temporal fundamental

frequency coding strategy for cochlear implants. J Acoust Soc Am.

2011;129:4023-4036.

42. Vandali AE, Sucher C, Tsang DJ, et al. Pitch ranking ability of

cochlear implant recipients: a comparison of sound-processing

strategies. J Acoust Soc Am. 2005;117:3126-3138.

How to cite this article: Liu H, Peng X, Zhao Y, Ni X. The

effectiveness of sound-processing strategies on tonal

language cochlear implant users: A systematic review. Pediatr

Invest. 2017;1:35–42. https://doi.org/10.1002/ped4.12011

42 | LIU ET AL.

32-39

REVIEW




